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Ag-graphene  nanocomposite  has  been  prepared  by  a  simple  way  in  situ  simultaneous  reduction  of  Ag+ 
ions  and  graphite  oxide  in  a  solution  of  hydrazine  hydrate  at  95  °C  for  12  h.  The  morphology  and  struc¬ 
ture  of  the  obtained  material  are  examined  by  XRD,  SEM,  TEM,  FT-IR,  and  XPS.  The  Ag  nanoparticles 
with  an  average  particle  size  of  20  nm  are  decorated  on  the  surface  of  graphene  in  uniform  and  regu¬ 
lar  stacks,  while  the  graphene  nanosheets  exist  as  an  exfoliation  state  in  Ag-graphene  nanocomposite. 
The  tremendous  intensity  decrease  of  the  C-0  and  C=0  XPS  peaks  and  the  disappearance  of  FT-IR  band 
around  1730  cm-1  for  Ag-graphene  nanocomposite  suggest  that  the  graphite  oxide  has  been  reduced 
into  graphene.  Electrochemical  properties  are  characterized  by  cyclic  voltammetry  and  electrochemical 
impedance  spectroscopy  in  2.0  mol  L-1  KN03  electrolyte.  Ag-graphene  nanocomposite  electrode  shows 
a  characteristic  Faradic  capacitance  behavior,  and  the  specific  capacitance  value  is  220  F  g-1  at  a  scan  rate 
of  10  mV  s-1,  which  is  much  higher  than  that  of  the  graphene  electrode  (140  F  g-1 ).  The  high  capacitance 
is  ascribed  to  the  large  pseudocapacitance  from  the  residual  C-0  and  C=0  function  groups,  high  electrical 
conductivity,  and  less  aggregation  of  the  graphene  nanosheets  due  to  the  existence  of  Ag  particles. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Graphene  is  a  counterpart  of  graphite  with  well  separated  2- 
D  aromatic  sheets  composed  of  sp2 -bonded  carbon  atoms  [1  ].  The 
thinner  material  in  universe  has  shown  many  fascinating  properties 
owing  to  the  characteristics  such  as  high  mechanical  strength,  large 
specific  surface  area,  high  thermal  stability,  good  electrical  conduc¬ 
tivities  and  excellent  antibacterial  activity  [2-5].  Graphene  can  be 
obtained  by  many  methods  such  as  mechanical  exfoliation  of  bulk 
graphite  [6],  epitaxial  chemical  vapor  deposition  on  substrates  [7] 
and  chemical  vapor  deposition  starting  from  carbon  precursors  [8]. 
Although  the  graphene  with  the  thickness  control  can  be  prepared 
by  these  methods,  the  large-scale  preparation  of  the  graphene  is 
less  effective. 

In  terms  of  the  yield  and  cost  for  graphene,  the  solution- 
phase  preparation  technique  shows  the  most  attention  in  recent 
years.  In  general,  the  solution-phase  preparation  technique  mainly 
consists  of  two  steps.  Firstly,  graphite  is  oxidized  into  graphite 
oxide  with  hydrophilic,  and  it  can  generate  stable  and  homoge¬ 
nous  colloidal  suspension  in  aqueous  solution  [9].  Secondly,  the 
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graphite  oxide  is  reduced  by  some  reductants  to  remove  most 
of  the  oxygen-containing  groups  [10].  Through  the  two  step 
methods,  Ruoff  group  has  prepared  thin  graphene-based  sheets 
material  with  a  high  specific  surface  area  at  100°C  for  24  h 
[11],  and  Srinivas  group  has  prepared  a  graphene-based  pow¬ 
der  material  with  highly  agglomerated  and  disordered  sheets 
and  high  surface  area  of  640 m2g-1  at  80 °C  for  24 h  [12]. 
During  the  solution-phase  preparation  process  of  graphene,  a 
challenge  question  is  how  to  avoid  the  aggregation  reaction  of 
graphene  nanosheets  and  obtain  the  graphene  with  high  individ¬ 
ual  dispersion.  Although  the  aggregation  reaction  of  the  graphene 
nanosheets  can  be  reduced  through  the  intercalation  of  other 
molecules  or  ions  into  the  interlayer,  the  electronic  properties  of  the 
obtained  materials  such  as  the  resistance  are  obviously  influenced 
[13-15]. 

In  order  to  reduce  the  aggregation  reaction  of  the  graphene 
nanosheets  and  obtain  the  graphene  with  good  electrical  conduc¬ 
tivity  and  high  individual  dispersion,  some  inorganic  nanoparticals, 
such  as  metals  or  semiconductors  have  been  intercalated  into 
the  interlayer  of  the  graphene  nanosheets  [16-18].  The  obtained 
graphene-metal  nanocomposites  show  promising  applications  in 
fields  of  chemical  sensors  [19],  optical  and  electronic  devices  [20], 
and  energy  storage  [21],  etc.  Ag  nanoparticles,  as  good  metal 
conductor,  show  many  novel  physical,  chemical  and  catalytic  prop¬ 
erties  [22].  If  Ag  nanoparticles  are  introduced  into  the  interlayer  of 
the  graphene  nanosheets,  the  obtained  nanocomposite  is  respected 
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to  have  not  only  good  dispersion,  but  also  good  conductivity. 
Recently,  several  groups  have  obtained  graphene-Ag  nanocom¬ 
posite  with  favorable  properties.  Pasricha  group  has  prepared 
graphene-Ag  nanosheet  materials  with  good  conductivity  in  two 
steps  [23].  Liu  group  has  prepared  the  Ag  nanoparticles  wrap¬ 
ping  around  ID  carbon  materials  by  an  environmentally  benign 
and  a  simple  method  with  the  assistance  of  supercritical  carbon 
dioxide  [24].  Ye  group  has  prepared  the  graphene-Ag  nanohybrid 
by  a  solution-based  approach  involving  the  chemical  reduction 
of  silver  ions  in  chemically  converted  graphene  suspensions  with 
mixed  reducing  agents  [25].  Yang  group  has  prepared  graphene-Ag 
nanocomposite  through  a  solvothermal  method  using  ethylene 
glycol  or  DI  water/hydrazine  as  solvent  and  reducing  agent  [26]. 
Although  Ag-graphene  nanocomposites  with  different  properties 
have  been  prepared  by  the  above  groups,  the  preparation  meth¬ 
ods  are  long-time  cost.  Meanwhile,  the  capacitance  performance 
of  the  obtained  material  is  not  investigated.  In  the  present  work, 
Ag-graphene  nanocomposite  was  prepared  by  a  simple  way  in  situ 
simultaneous  reduction  of  Ag+  ions  and  graphite  oxide,  and  its 
capacitance  performance  was  also  discussed. 

2.  Experimental 

2.1.  Materials 

Crude  flake  graphite  (carbon  content:  99.9%)  was  purchased 
from  Qingdao  Aoke  Co.,  China.  Hydrazine  hydrate  (50%),  AgN03  and 
KN03  were  obtained  from  Sinopharm  Chemical  Reagent  Co.,  Ltd., 
China,  in  analytical  purity  and  used  without  further  purification. 
Deionized  water  was  used  throughout  the  experiments. 

2.2.  Preparation  of  Ag-graphene  nanocomposite 

Graphite  oxide  (GO)  was  prepared  from  natural  graphite  powder 
through  a  modified  Hummers  method  [27].  0.1  g  GO  was  dis¬ 
persed  in  1 00  mL  H20  and  stirred  overnight  to  form  a  homogeneous 
aqueous  dispersion.  Then  lOOmL  AgN03  solution  (0.02  mol  L-1) 
was  added  into  the  GO  dispersion,  and  the  obtained  suspension 
was  treated  by  ultrasonic  treatment  (600  W,  80%  amplitude)  for 
1  h  and  followed  by  stirring  at  room  temperature  for  12h.  The 
suspension  was  separated  by  centrifugation,  and  the  obtained  sed¬ 
iment  was  washed  with  deionized  water  for  several  times.  Ag+ 
ions  intercalated  GO  was  finally  obtained  after  the  sediment  was 
freeze-dried  for  24 h,  which  was  abbreviated  as  Ag+-GO.  Ag+-GO 
material  (200  mg)  was  soaked  in  200  ml  deionized  water,  and 
hydrazine  hydrate  (200  (L)  was  then  added  into  the  dispersion. 
The  obtained  mixture  was  stirred  for  30  min  and  heated  at  95  °C 
for  12h,  the  yellow-brown  suspension  gradually  changed  into 
black  precipitate.  After  separated  by  centrifugation,  the  black  sed¬ 
iment  was  washed  with  water,  and  the  freeze-dried  material  was 
Ag-graphene  nanocomposite,  which  was  abbreviated  as  Ag-RGO. 
Meanwhile,  to  compare  with  the  above  experimental  results,  the 
graphene  (RGO)  material  was  prepared  in  the  same  way  from  GO 
dispersion  without  Ag+  ions. 

2.3.  Characterizations 

X-ray  diffraction  (XRD)  measurements  were  carried  out  by  using 
a  D/Max-3c  X-ray  diffractometer  with  Cu  Ka  (A  =  1.5406  A),  with 
an  operation  voltage  and  current  of  40  kV  and  40  mA,  respectively. 
A  Quanta  200  environmental  scanning  electron  microscopy  (SEM) 
was  used  to  observe  the  morphology  of  the  obtained  samples. 
Transmission  electron  microscopy  (TEM)  images  were  collected 
by  using  a  JEM-2100  microscope  at  200  kV.  Specimens  for  obser¬ 
vation  were  prepared  by  dispersing  the  samples  into  alcohol  by 
ultrasonic  treatment  and  dropped  on  carbon-copper  grids.  X-ray 


10  20  30  40  50  60  70 

29  /degree 

Fig.  1.  XRD  patterns  of  samples  obtained  at  different  stages. 


photoelectron  spectroscopy  (XPS)  was  performed  on  a  K-ALPHA 
with  an  Al  cathode  as  the  X-ray  source  at  a  power  of  150  W  (accel¬ 
erating  voltage  1 2  kV,  current  6  mA)  in  a  vacuum  of  8.0  x  1 0-8  mPa. 
Fourier  transform  infrared  (FT-IR)  spectra  were  recorded  by  a  Nico- 
let  AVATAR  360  FTIR  spectrometer. 

Electrochemical  measurement:  The  electrochemical  perfor¬ 
mances  of  the  as-obtained  material  electrodes  were  tested  using 
a  cyclic  voltammetry  (CV)  method  and  electrochemical  impedance 
spectroscopy  (EIS)  with  a  three-electrode  electrochemical  setup. 
The  working  electrode  was  prepared  by  mixing  sample  (90  wt.%)  as 
active  material  with  polyvinylidene  fluoride  (10  wt.%).  Polyvinyli- 
dene  fluoride  was  used  as  binder,  and  it  was  firstly  dissolved  with 
acetone.  The  two  materials  were  mixed  together  to  obtain  a  rubber¬ 
like  paste  which  was  brush-coated  onto  a  Ni  foam.  The  foam  was 
dried  at  1 1 0  °C  in  air  for  2  h  to  remove  the  solvent.  After  drying,  the 
coated  foam  was  uniaxially  pressed  to  completely  adhere  to  the 
electrode  material  with  the  current  collector.  The  thickness,  the 
area  and  the  coated  loading  of  the  working  electrode  were  0.5  mm, 
2.01cm2  and  0.0048 gem-2,  respectively.  Platinum  foil  (2cm2) 
and  a  saturated  calomel  electrode  (SCE)  were  used  as  the  counter 
and  reference  electrodes,  respectively  [28].  The  cyclic  voltamme¬ 
try  measurement  was  carried  out  between  -0.2  and  0.8  V  and  the 
specific  capacitance  was  evaluated  from  the  area  of  the  charge  and 
discharge  curve  of  the  CV  plot  [29].  The  electrochemical  impedance 
measurement  was  performed  after  the  electrodes  reached  the  end 
of  discharge  and  relaxed  until  the  open  circuit  potential  reached 
0.1  V.  The  measurements  were  taken  over  a  series  of  cycles  in  a  fre¬ 
quency  range  of  100  kHz  to  0.1  Hz  with  AC  amplitude  of  10  mV.  All 
electrochemical  measurements  were  carried  out  by  using  Ivium- 
Stat  electrochemical  workstation  (Ivium  Technologies  BV,  Holland) 
in  2  molL-1  KN03  aqueous  solution  at  room  temperature. 

3.  Results  and  discussion 

The  XRD  patterns  of  the  precursor  GO,  Ag+-GO,  and  Ag-RGO 
nanocomposite  are  shown  in  Fig.  1.  GO  has  a  layered  structure 
with  a  basal  spacing  of  0.73  nm,  showing  the  complete  oxidation  of 
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Fig.  2.  SEM  images  of  samples  GO  (a)  and  Ag-RGO  nanocomposite  (b),  TEM  image  (c)  and  HRTEM  image  (d)  of  Ag-RGO  nanocomposite. 


graphite  into  the  graphite  oxide  [9].  The  basal  spacing  is  larger  than 
the  origin  graphite  (0.33  nm),  indicating  that  the  interlayer  distance 
is  remarkably  expanded  during  the  chemical  oxidation.  After  GO  is 
reacted  with  0.02  M  AgN03  solution  at  room  temperature  for  12  h, 
the  basal  spacing  slightly  increases  to  0.76  nm  for  sample  Ag+-GO. 
These  results  show  that  Ag+  ions  are  intercalated  into  the  interlayer 
of  the  precursor  GO,  and  the  layered  structure  of  GO  is  maintained. 
On  the  other  hand,  sample  Ag+-GO  is  soaked  in  hydrazine  hydrate 
(200  (L)  and  followed  by  heating  at  95  °C  for  12  h,  the  XRD  pattern 
of  Ag-RGO  nanocomposite  obviously  changes.  Some  characteristic 
peaks  at  37.9°,  44.1°,  64.5°  with  high  intensity  are  corresponding 
with  the  (111),  (2  0  0)  and  (2  2  0)  planes  of  the  cubic  Ag  crystal 
(JCPDS  No.  04-0783),  which  indicate  that  the  metallic  Ag  nanopar¬ 
ticles  are  formed  after  being  reduced.  However,  the  characteristic 
peak  at  10.6°  which  corresponds  to  (0  0  2)  plane  of  GO  disappears, 
while  the  characteristic  peak  at  24.1°  which  corresponds  to  (0  0  2) 
plane  of  graphene  is  slightly  observed.  These  results  suggest  that  a 
simultaneous  reduction  process  of  Ag+  ions  and  GO  is  carried  out 
when  sample  Ag+-GO  is  treated  in  hydrazine  hydrate  and  followed 
by  heating,  and  Ag-RGO  nanocomposite  is  successfully  prepared. 
On  the  other  hand,  the  (0  0  2)  plane  peak  of  RGO  becomes  broad 
and  its  intensity  becomes  weak,  indicating  that  the  Ag  nanoparti¬ 
cles  are  decorated  on  the  surface  of  RGO  in  uniform  and  regular 
stacks  and  the  graphene  nanosheets  exist  in  an  exfoliation  state  in 
Ag-RGO  nanocomposite  [30,31].  Recent  studies  have  shown  that 
the  diffraction  peaks  become  weak  or  even  disappear  if  the  regu¬ 
lar  stacks  of  graphite  oxide  or  graphite  are  destroyed,  for  example 
by  exfoliation  [32].  It  does  not  matter  whether  the  existence  state 
of  the  carbon  sheets  is  graphite  oxide  or  graphene  in  these  com¬ 
posites,  but  it  is  confirmed  that  the  regular  layered  structure  of 
graphite  oxide  or  graphene  is  destroyed.  Because  of  the  low  weight 
content  of  Ag  nanoparticles  in  the  obtained  nanocomposite  (about 
12.2%),  the  influence  of  the  as-reduced  metals  on  the  XRD  patterns 


of  graphite  or  graphite  oxide  is  not  considerable  [33].  While  the 
metallic  salts  are  added  to  the  above  system,  the  carbon  sheets 
easily  aggregate  and  then  deposit.  A  possible  explanation  is  that 
the  adsorption  of  the  as-reduced  Ag  nanoparticles  on  the  surface 
results  in  the  formation  of  heavier  entities,  consequently  leading  to 
a  quick  sedimentation.  The  attached  particles  may  also  prevent  the 
restacking  of  these  graphene  nanosheets,  therefore,  the  character¬ 
istic  diffraction  peaks  of  the  layered  structure  disappear. 

SEM  image  shows  that  precursor  GO  has  a  thin  sheet  with  a 
thickness  less  than  0.5  pum  (Fig.  2a).  In  comparison  with  the  precur¬ 
sor  GO,  an  ultrathin  nanosheet  flaky  morphology  can  be  observed 
from  Ag-RGO  nanocomposite  (Fig.  2b).  The  representative  SEM 
image  shows  randomly  dispersed,  thin,  crumpled  sheets  closely 
associated  with  each  other  and  forming  a  highly  exfoliated  bundle 
[34].  The  TEM  image  shows  that  graphene  nanosheets  are  deco¬ 
rated  by  Ag  nanoparticles  with  an  average  particle  size  of  20  nm 
(Fig.  2c).  In  the  present  work,  the  oxygen-containing  groups  on 
GO  sheets  supply  the  chemical  active  centers  for  Ag  deposition, 
and  thus  Ag  nanoparticles  are  well  separated  with  each  other  and 
distributed  randomly  on  the  graphene  nanosheets.  Although  the 
Ag  nanoparticles  are  irregular  and  well  separated,  some  bigger  Ag 
particles  with  size  of  >50  nm  are  still  observed,  indicating  some 
agglomeration  behavior  of  smaller  Ag  nanoparticles.  Fig.  2d  is  the 
high-resolution  image  of  sample  Ag-RGO  nanocomposite,  the  mea¬ 
sured  lattice  fringe  spacing  in  the  image  is  about  0.24  nm,  which 
agrees  well  with  the  (111)  crystal  plane  of  Ag  nanoparticles  [35]. 

The  X-ray  photoelectron  spectroscopy  (XPS)  spectrum  can  be 
used  to  observe  the  inner  structure  of  C  for  carbon-based  mate¬ 
rials.  The  XPS  results  indicate  that  a  decrease  tendency  of  the 
oxygen  content  is  carried  out  in  the  obtained  materials.  As  shown 
in  Fig.  3a,  the  intensity  of  some  oxygenated  functional  groups 
on  carbon  sheets  in  the  as-synthesized  composites  is  obviously 
reduced,  indicating  the  change  of  carbon  content.  It  is  well  known 
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Fig.  3.  Cls  XPS  spectra  of  GO,  Ag+-GO  and  Ag-RGO  nanocomposite  (a)  and  Ag  3d 
XPS  spectra  of  Ag+-GO  and  Ag-RGO  nanocomposite  (b). 

that  the  bands  centered  at  284.6  eV  and  372.8  eV  are  associated 
with  Cls  and  Ag  3d,  respectively.  The  XPS  spectrum  for  each 
sample  can  be  deconvoluted  into  four  peaks,  corresponding  to  car¬ 
bon  atoms  in  four  functional  groups:  carbon  sp2  (C-C,  284.6  eV), 
epoxy/hydroxyls  (C-O,  286.2  eV),  carbonyl  (C=0,  287.8  eV),  and 
carboxylates  (0=C-0,  289.0 eV)  (Supporting  information  Fig.  SI). 
For  the  precursor  GO,  the  four  peaks  of  Cl  s  spectrum  corresponding 
to  the  functional  groups:  carbon  sp2,  epoxy/hydroxyls,  carbonyl, 
and  carboxylates  can  be  observed,  suggesting  that  graphite  has 
been  completely  oxidized  into  GO  [26].  The  peak  intensity  of  C-0 
and  C=0  is  still  strong  in  Ag+-GO  material,  showing  that  oxy¬ 
genated  functional  groups  still  exist  in  this  material.  In  contrast, 
the  peak  intensity  of  C-0  and  C=0  significantly  decreases  and  the 
content  of  C-C  sharply  increases  after  the  reduction  process,  sug¬ 
gesting  that  the  oxygen-containing  of  graphene  oxide  is  removed. 
Meanwhile,  the  two  peaks  around  at  367.8  eV  and  373.9  eV  cor¬ 
responding  to  Ag  3d5/2  and  3d3/2  binding  energies  for  Ag+-GO 
material  are  shifted  to  higher  energies  (368.3  eV  and  374.3  eV)  in 
Ag-RGO  nanocomposite  due  to  the  change  of  the  chemical  envi¬ 
ronment.  These  results  indicate  that  Ag  valence  still  maintain  1  + 
in  Ag+-GO  material,  while  Ag  nanoparticles  are  existed  in  Ag-RGO 
nanocomposite  [36,37]. 

The  as-obtained  GO,  Ag+-GO,  and  Ag-RGO  nanocomposite  are 
further  analyzed  by  means  of  FTIR  spectroscopy  and  the  results 
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Fig.  4.  FT-IR  spectra  of  samples  obtained  at  different  stages. 

are  shown  in  Fig.  4.  As  seen  from  the  spectra  of  GO  and  Ag+-GO, 
the  band  at  3390  cm-1  arises  from  the  -OH  stretching  vibra¬ 
tion.  There  are  also  bands  due  to  carboxyl  C=0  and  C-C  groups 
(1730  and  1620  cm-1),  epoxy  C-0  (1367  cm-1),  and  alkoxy  C-0 
(1070  cm-1)  groups  situated  at  the  edges  of  the  GO  nanosheets,  as 
previously  reported  [38].  After  the  reduction  treatment,  most  of  the 
absorption  bands  are  absent  leaving  mainly  the  absorption  band 
of  C-C  vibration  (around  1620  cm-1)  in  the  spectrum  of  Ag-RGO 
nanocomposite.  The  peak  loss  at  3390  cm-1  confirms  the  involve¬ 
ment  and  reduction  of  oxygen-containing  groups  in  the  formation 
of  Ag  nanoparticles.  Besides,  it  also  suggests  that  strong  interac¬ 
tions  may  exist  between  the  Ag  nanoparticles  and  the  remaining 
surface  hydroxyl  O  atoms  [25]. 

Cyclic  voltammetry  is  considered  to  be  an  ideal  tool  for  the 
electrochemical  property  characterization  of  the  cathode  material. 
The  electrochemical  behavior  of  the  obtained  RGO  and  Ag-RGO 
nanocomposite  is  investigated  using  three-electrode  cell  between 
-0.2  and  0.8  V  in  a  KN03  electrolyte  at  a  sweep  rate  of  1 0  mV  s-1  and 
the  results  are  shown  in  Fig.  5.  For  RGO  electrode  material,  the  cyclic 
voltammetric  curve  is  relatively  rectangular  in  shape  and  exhibits 
near  mirror-image  current  response  on  voltage  reversal,  indicat¬ 
ing  an  obvious  supercapacitive  behavior  for  the  RGO  electrode. 
Meanwhile,  the  curve  shows  no  peak,  indicating  that  the  electrode 
capacitor  is  charged  and  discharged  at  a  pseudoconstant  rate  over 
the  complete  voltammetric  cycle  [39,40].  The  specific  capacitance 


Fig.  5.  The  CV  curves  of  RGO  and  Ag-RGO  nanocomposite  electrodes  at  10  mV  s_1 
in  2.0  mol  L_1  KNO3  electrolyte  in  the  voltage  range  -0.20-0.80  V  vs.  SCE. 
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Ret  of  Ag-RGO  electrode  is  smaller  than  that  of  RGO  and  the  elec¬ 
trochemical  reaction  on  the  electrode/electrolyte  interface  is  the 
most  facile.  This  result  confirms  that  the  presence  of  Ag  nanopar¬ 
ticles  indeed  decreases  the  electronic  resistivity  of  the  electrode. 
In  addition,  the  inclined  line  in  low  frequency  range  is  attributable 
to  Warburg  impedance  resulting  from  the  frequency  dependence 
of  ion  diffusion  and  transport  in  the  electrolyte  [42].  It  can  be  seen 
that  the  linear  region  of  the  plot  exhibits  an  angle  relative  to  the 
real  axis,  and  the  angle  relative  to  the  real  axis  increases  in  the 
order  of  Ag-RGO  >  RGO  electrode  with  the  decrease  of  frequency. 
Meanwhile,  the  value  of  the  intercept  at  the  real  axis  in  the  high  fre¬ 
quency  range  can  be  used  to  estimate  the  sum  of  resistances  arising 
from  the  electrolyte,  the  intrinsic  resistance  of  the  active  material, 
and  the  contact  resistance  between  the  active  material  and  the  cur¬ 
rent  collector  (Rq).  Rq  of  Ag-RGO  cathode  is  1.1  £2,  which  is  lower 
than  that  of  1.3  £2  for  RGO  electrode.  These  results  show  that  the 
addition  of  Ag  nanoparticles  onto  RGO  electrode  can  significantly 
improve  the  electrical  performance  due  to  the  intrinsic  resistance 
change  of  the  active  material  and  less  aggregation  of  the  graphene 
nanosheets. 


Fig.  6.  The  Nyquist  plots  of  RGO  and  Ag-RGO  nanocomposite  electrodes  with  a 
frequent  range  of  0.1  Hz-10  kHz  in  2.0  mol  L_1  KN03  electrolyte. 

value  calculated  from  the  CV  curve  is  found  to  be  140  F  g-1 .  On  the 
other  hand,  the  CV  curve  of  Ag-RGO  nanocomposite  electrode  is 
very  different  from  that  of  RGO  electrode  under  the  same  condi¬ 
tion.  A  pair  of  well-separated  redox  peaks  (anodic  peak  at  0.51  V, 
with  corresponding  cathodic  peak  at  0.26  V)  is  observed,  indicating 
that  the  measured  capacitance  is  based  on  the  redox  mechanism. 
However,  the  redox  peaks  are  not  only  broad  but  also  asymmetric, 
indicating  that  the  redox  peaks  correspond  to  the  multi  redox  cou¬ 
ples.  The  broad  and  asymmetric  redox  peaks  are  probably  caused 
by  the  multi  oxidation  of  both  Ag  and  the  residual  C-0  and  C=0 
function  groups.  The  experimental  results  of  the  electrodes  and 
electrolytes  obtained  after  10  cycles  and  400  cycles  of  charge  pro¬ 
cesses  show  that  Ag  nanoparticles  are  hardly  oxidized  Ag(I),  and 
Ag(I)  ions  are  too  little  to  be  detected  after  1 0  cycles,  while  some  Ag 
nanoparticles  are  oxidized  to  Ag(I)  after  400  cycles.  Therefore,  Ag+ 
ions  oxidized  might  be  trapped  in  RGO,  and  they  could  be  detected 
by  XPS  for  the  electrode.  In  addition,  the  broad  redox  peaks  arising 
from  the  redox  reactions  of  surface  functionalities  become  weaker 
and  finally  diminish  at  higher  scan  rates,  due  to  the  relatively 
slow  charge/discharge  kinetic  [41].  For  Ag-RGO  electrode,  the  CV 
curve  shows  relatively  mirror  image  with  respect  to  the  zero- 
current  line,  announcing  that  the  obtained  cathode  has  excellent 
capacitive  property.  In  comparison  with  the  specific  capacitance 
of  RGO  electrode,  the  specific  capacitance  of  Ag-RGO  nanocom¬ 
posite  electrode  is  220  Fg-1.  The  high  capacitance  is  ascribed  to 
the  large  pseudocapacitance  from  the  residual  C-0  and  C=0  func¬ 
tion  groups,  high  electrical  conductivity,  and  less  aggregation  of 
the  graphene  nanosheets  due  to  the  existence  of  Ag  nanoparti¬ 
cles. 

The  electrochemical  impedance  can  be  used  to  understand  the 
resistance  characteristic  of  RGO  and  Ag-RGO  nanocomposite.  The 
Nyquist  plots  of  RGO  and  Ag-RGO  nanocomposite  are  shown  in 
Fig.  6.  The  Nyquist  plots  of  the  two  materials  in  2.0molL_1  KNO3 
electrolyte  are  similar  to  each  other  in  shape,  consisting  of  a  semi¬ 
circle  in  the  high  frequency  range  and  a  straight  line  in  the  low 
frequency  range.  The  semicircle  at  high  frequency  range  is  due  to 
the  charge  transfer  reaction  at  the  interface  of  the  electrolyte/oxide 
electrode;  and  it  corresponds  to  the  charge  transfer  resistance  (Rct) 
and  it  can  be  calculated  by  extrapolation  of  the  semicircle  on  the 
real  impedance  axis  [39].  The  diameter  of  the  semicircles  has  a 
decrease  tendency  in  an  order  of  Ag-RGO  >  RGO,  indicating  that  the 


4.  Conclusion 

A  simple  simultaneous  reduction  method  of  Ag+  ions  and  GO 
in  a  solution  of  hydrazine  hydrate  has  been  developed  to  prepare 
Ag-RGO  hybrid  nanocomposite.  The  Ag  nanoparticles  with  an  aver¬ 
age  particle  size  of  20  nm  are  decorated  on  the  surface  of  RGO  in 
uniform  and  regular  stacks  and  the  graphene  nanosheets  exist  in 
an  exfoliation  state  in  Ag-RGO  nanocomposite.  The  residual  C-0 
and  C=0  function  groups  lead  to  large  pseudocapacitance,  and 
the  existence  of  Ag  nanoparticles  prevents  the  aggregation  of  the 
graphene  nanosheets.  The  high  capacitance  for  Ag-RGO  electrode 
material  (220  Fg-1)  is  ascribed  to  the  large  pseudocapacitance, 
less  aggregation,  and  relatively  slow  charge/discharge  kinetic.  The 
Ag-RGO  nanocomposite  is  a  promising  electrode  for  energy  stor¬ 
age/conversion  device  with  excellent  performance. 
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